ABSTRACT This paper presents broadband simulations and measurements of Millimeter-Waves (mm-wave) propagation in a rugged underground mine environment. Mathematical formulation was carried out in the framework of Uniform Theory of Diffraction (UTD) to develop a deterministic Ray-Tracing (RT) model under Line-Of-Sight (LOS) condition. The developed theoretical model was then validated experimentally in Frequency Domain (FD) and Time Domain (TD). A significant agreement between simulations and measurements is achieved in both domains. The rough surfaces of the mine are modeled deterministically as groups of diffracting wedges having random dimensions (heights, angles) being transversely oriented throughout the gallery. Acute (inferior to 30 • ) and obtuse (superior to 120 • ) wedges angles are found to have significant effects on the overall propagation performance. In the mm-wave band, the UTD diffraction phenomenon is evident and must be considered in the design of underground mine channels. In fact, the presented model is found to be capable of predicting the complex multipath of underground mine channels, due to the ray-optical behavior at mm-wave bands.
I. INTRODUCTION
Thanks to the recent development of the 5G and IoT technologies, the underground mining industry is expected to evolve into a new era of ''smart mining mobility'' where infrastructures, mining machinery, and miners will be interconnected to achieve optimal automation, mobility, ultra-high safety, and productivity. Future underground mining environment will require various high data rates applications such as video surveillance, onsite real-time high-data rate connectivity for mining operation information and relay video transmissions for monitoring and safety purposes. This advanced technology is favorable for multi-Gb/s applications and has attracted significant attention with its promise toward the operation of mm-wave communications within underground mine galleries. Previous research studies in tunnel environments including highway, railway and underground mine were limited to the low-frequency bands [1] - [4] . In fact, microwave
The associate editor coordinating the review of this article and approving it for publication was Chong Han. bands suffer from narrow bandwidth and have been widely investigated [5] , [6] . Moreover, relevant literature review about wall surface roughness effect on propagation channel in tunnels is scares. This effect is a source of an important path loss, and therefore should be taken into consideration for a rigorous prediction of the signal power. Although, the long history of channel propagation within tunnels, the impact of roughness on tunnel propagation is barely analyzed. Published results in the literature provide ''rules of thumb'' and guidelines to understand the impact of various environmental characteristics. Back in 1974, Mahmoud et al [7] studied the effect of roughness on the signal attenuation in a parallelplate waveguide. Later, the first model for analyzing the roughness effect in a rectangular tunnel is developed by Emslie et al. [8] . Martelly et al. [9] estimated theoretically the roughness effect applying the vector parabolic equation approach, and proved it is consistent with Emslie's model presented in [8] . Latest studies based on experimental mm-wave channel measurements were performed in an underground mine and subway tunnels [10] , [11] . The roughness of the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ tunnel walls is identified as the origin of reducing the delay spread and the removal of the waveguide effect in a tunnel. Moreover, it has been shown that the channel path loss depends more on the tunnel size than the tunnel geometry and shape [12] . In [13] , a theoretical channel modeling in tunnels is presented under complex meteorological scenarios, such as fog, sand, and wind. The modeling is based on the parabolic equation method. After, calculating the meteorological environment effective permittivity, the propagation channel is modeled by updating the refractive index. In [14] , a measurement campaign and ray tracing simulations are carried out within a subway tunnel at the mm-wave frequency band. Good agreement between measurements and simulations is observed. Results recommend the use of MIMO technology as a remarkable scheme for improving the performance of mm-wave communication in a tunnel environment. Authors in [15] , examine the channel propagation at the mm-wave frequency band in a short tunnel using a time-domain channel measurement. Channel parameters, such as K-factor, rootmean-square delay spread, and shadowing are investigated.
In [16] the study considers the channel performance of mm-wave MIMO system in a subway tunnel, using raytracing-based simulations and experimental measurements. MIMO channel capacity is calculated for different scenarios.
A high-gain directional horn antenna is recommended in [6] for MIMO channel measurements conducted in underground mine tunnels in order to overcome high propagation losses at 60-GHz frequency band. In fact, deterministic models can be considered as a viable approach to obtain channel parameters for a propagation environment in order to facilitate satisfactory interpretations of experimental results. Furthermore, absence of reliable ray-tracing (RT) simulators and models for mm-wave propagation in confined environment [17] - [20] are quite noteworthy. For indoor environments the shapes and the electrical properties of the surrounding surfaces are well determined. The propagation mechanism can be modeled as a free-space LOS superimposed by specular reflections from surrounding smooth surfaces. In contrast, randomly structured underground mines consist of corrugated surfaces with a high degree of roughness that renders the deterministic modeling of such channels very challenging. The purpose of this study is twofold, firstly is to understand the propagation of mm-wave in the underground mine environment and its impact on the design, test and simulation of wireless systems. The second objective of this paper is the development of a global RT simulator for the extraction of channel parameters in the underground mine environment. The measurements are performed using a frequency-sweep technique to ensure real-time static characterization of the channel (stationary) free from the disturbances caused by moving objects. The rest of the paper is organized as follows. Section 2 describes the site location along with the measurement system and procedure. The mine gallery geological structure and mathematical modeling concept are presented in section 3 and the subsequent section 4 elaborates the simulation algorithm. An ideal channel analysis is provided in section 5 and the experimental validation of the tracer is presented in section 6. Concluding remarks are then provided in section 7.
II. MEASUREMENT HARDWARE SETUP, PROCEDURE AND SITE DESCRIPTION
The amplitude and phase variations of 21,600 complex tones across IEEE802.15.3c channel-1 (61.56-63.72 GHz) were measured using transmit power of 10dBm. Vertically polarized pyramidal horn antennas were used at both Tx and Rx antennas with the radiation gain of 23.4 dBi and 3-dB beam-width of 25 • . Gain variation of the antennas quoted from manufacturer information sheets is shown in Fig. 1 which amounts to a slight variation of 0.25 dB (23.2-23.45 dB) across the band of interest. The gain variation can be calibrated out in the anechoic chamber for 1 m reference separation between T X and R X . A detailed description of the measurement system and the antenna configuration are presented in [6] .
The site (4.2 m × 4.8 m × 70 m) is 70 m below the ground level in a mine that is operated by the Canadian Center for Minerals and Energy Technology (CANMET). The floor of the mine is rather flat and mostly covered by wet soil and water while the other three surrounding surfaces (i.e., two side walls and ceiling) are granite as shown in Fig. 1 . During measurements, both T X and R X antennas were maintained at a height of 1.5 m on the central line of the gallery in order to capture efficiently the effect of all surrounding surfaces. To establish a LOS channel, the antennas were aligned by means of a laser alignment system and linear tracking vertex table. Averaging (Ns) frequency sweeps (seven in this case), as described in [6] , was used for each Rx position on the 4 × 4 (Nx × Ny) points vertex table in order to mitigate the impact of random noise on measurements. The measured Channel Transfer Function (CTF) is then expressed as:
where α(x, y, s, f) and θ(x, y, s, f) are magnitude and phase of each frequency component f , respectively. ''x, y'' are the coordinates on the vertex table and ''s'' is the T X -R X distance. The impact of the sounder's hardware including the feeding cables and the antennas were calibrated out by normalizing all measured complex CTFs with respect to T X -R X distance reference of 1 m [21] .
Raw datas along with calibrated CTFs measured for 2 m separation between T X -R X are shown in Fig. 2 (a) and Fig. 2(b) , respectively. Directional nature of Tx and Rx antennas mitigates multipaths and imposes similar gain and linear phase response across the band. Practically, the multipath effects are more pronounced at larger T X -R X ranges, as it will be shown later at 10 m. 
III. SITE STRUCTURE AND MODELING CONCEPT
Random excavation operations in the gallery result in corrugated extremely rough surfaces. The depth of these randomly-curved surfaces varies at an average rate of 0.8 m while their roughness is around 0.3 m, as illustrated in Fig.1 . A signal with a wavelength shorter than the geometrical features of the surface of the gallery sees this corrugated rough surface as an aggregate of diffracting wedges with random angles and heights. Subsequent to a detailed investigation of the geological structure of the site, it was found that these edges tend to be oriented in the transverse direction with respect to the central line of the gallery (or LOS) as depicted in a Fig.1 . Uniform theory of diffraction (UTD) for the two dimensional (2D) wedge diffraction is illustrated in Fig. 3 . The incidence angle (ϕ ) and diffraction angle (ϕ) are measured from 0-face. The exterior angle of the wedge is denoted by nπ and 0 ≤ n ≤ 2. The incidence shadow boundary (ISB) and reflection shadow boundary (RSB) delineate the regions of space pertained to incident, reflected or diffracted rays. Hence, ISB and RSB are located at ϕ ISB = π + ϕ' and ϕ RSB = π − ϕ', respectively. The UTD diffracted field is expressed as [22] :
''⊥'' and '' '' stand for soft and hard cases, in which the incident field (E i ) is perpendicular and parallel to the plane of incidence, respectively. s and s denote the path lengths of the incident and diffracted rays, respectively. The general equation of the incident field on the wedge is VOLUME 7, 2019 FIGURE 3. Uniform geometrical theory of diffraction (UTD) from a wedge.
expressed as:
Eo is the relative amplitude of the spherical-wave source, its magnitude is assumed to be 1. The spreading factor A (s , s) is given as [22] :
The heuristic UTD coefficient is expressed as [22] , [23] :
2π nN
''γ '' delineates the angle between the incident ray and the edge associated with the 3 rd dimension of diffraction which is γ = π/2. R 0 ,⊥ and R n ,⊥ are Fresnel reflection coefficients corresponding to parallel and perpendicular polarizations, respectively, as defined for the illuminated wedge face (0-face) and the diffraction face (n-face). Such coefficients are dependent on the dielectric constants of reflecting surfaces. The Fresnel integral function which corrects the singularities at the shadow boundaries is defined as:
In the mm-waves band, the relative dielectric constant and the conductivity of marble are (εr = 11.56) and (σ = 0.258S/m), respectively [24] . The frequency-dependent complex dielectric constant is given as [25] :
where λ is the operating wavelength. Noting the impact of the heuristic diffraction coefficients on the accuracy of results, simulations were performed to assess UTD for a diffracting edge. The expressions in [23] and [25] are efficient for the calculation of diffraction from a wide variety of wedges as they account for the dielectric constant of loss tangent of the wedges. Fig. 4(a) shows the plot of normalized diffracted field intensity with respect to R X angular position (ϕ) while observation points are located on a circle of a radius (s = 5.5 m) centered on a right angle (β = 90 • ) marble edge.
As observed, Lubber's diffraction coefficient in [23] results in discontinuities away from ISB and RSB. In contrast, Remley's expression in [25] shows a smooth and monotonic decrease in the diffracted field and provides a good approximation when R X is in the deep shadow region. In this work, Remley's method was observed to agree with the measured data resulted from single diffractions. Further simulations were then performed and the results are shown in Fig. 4(b) to investigate the effect of the wedges angles (β) on the diffracted field. As observed, a change in the wedge angle from about 79 • to 1 • (or knife-edges) can lead to a diffraction boosting excess of 40 dB. The impact of the operating frequency is shown in Fig. 4(c) where computation at 900 MHz with the same parameters as in [25] resulted in a very good agreement. Therefore, 60 GHz link experiences an additional diffraction loss of about 20 dB as compared to 900 MHz.
IV. THE TRACER ALGORITHM
As demonstrated earlier in Fig. 2 , the channel can be considered to be LOS for small separation distance between T X -R X in the range of 10 m. It is henceforth preferable to maximize the T X -R X range as much as possible to capture the multipath phenomenon. Noting the limitation of the sounder, T X -R X range (d) was set to 10 m. The free-space scattering can be decomposed into rays from objects surrounding both antennas as outlined below: FIGURE 4. UTD field computed using [20] and [21] .
-Free Space (LOS): For a direct LOS ray of path length (d), the incident field at R X is expressed as [26] , [27] :
G T and G R stand for T X and R X antenna gains, respectively. Their magnitudes are expressed in voltage units throughout the paper. λ is the wavelength and k λ = 2π/λ represents the wave number as a function of the wavelength. E o is the relative amplitude of the spherical-wave source.
-Reflection: During measurements, the flat ground of the gallery was covered by a large mass of water which causes a specular reflection from the ground. In the 60 GHz band, the dielectric constant of pure water at 20 • C is (ε * = 11.9 − j19.5) as reported in [26] . Other reflected rays are generated by a flat rock in the ceiling located in the midway between T X and R X . Fresnel' reflection coefficients parallel and perpendicular polarizations are used to calculate reflected electric field pertained to these reflected rays:
''n r '' denotes the number of the considered reflected rays from the surrounding surfaces that was set to two in this case. G T and G R are computed as functions of each angle of departure (AoD) and angle of arrival (AoA) of outgoing and incoming rays, respectively. R i is the Fresnel reflection coefficient of the i th reflected ray and ''r'' is the distance travelled by the i th reflected ray.
-1 st -order Diffractions (D 1 ): As described earlier, the surfaces of the mine constitute a group of diffracting wedges. Therefore, UTD diffraction phenomenon is likely to occur from the wedges of the ceiling, side-A and side-B as shown in Fig. 5 . Depending on edges orientations, the tracer takes into account ''soft case'' diffractions from both, side-A and side-B and ''hard case'' diffractions from the ceiling of the gallery. Thus, the diffracted field can be expressed in terms of equations (3), (4) and (5) as:
n A , n B , and n C are the number of wedges in surfaces A, B and ceiling (C), respectively. D i,j,k are the diffraction coefficients associated with i th , j th and k th rays, respectively. s i,j,k and s i,j,k are path lengths of incident and diffracted rays.
-2 nd -order Diffractions (D 2 ): Inclusion of doubly diffracted rays travelling from side-A to side-B (A→B) and (B→A) enhance the accuracy of calculations. Successive diffraction of rays by the wedges give rise to the enhancement of the power received at the Rx location by increasing the number of connecting in-phase rays as depicted in Fig. 5a . Second order diffraction rays are computed using Holm's approach [26] and the received field associated with (A→B) VOLUME 7, 2019 is expressed as follows: First order diffracted rays from the ceiling (C) were calculated and compared to specular reflections from the ground (G) before or after diffraction using the following equation:
As expected, the transmit wave decreases as it goes through multiple diffraction and reflection. On the other hand, inclusion of multiple scattering phenomena (i.e. reflection and diffraction) in the computer simulations enhances the accuracy of the algorithm. A given number of rays, namely, (A→C), (A→G), (B→C), (B→G), (C→G) and (G→C) rays were taken into account in the calculation to avoid exceeding the available computational resources. The received power can be henceforth expressed as:
V. FREQUENCY ANALYSIS AND EXPERIMENTAL VALIDATION A. HOMOGENOUS CHANNEL RESPONSE
To further simplify the multipath representation, an ideal channel having homogenous surfaces is introduced and analyzed before proceeding into experimental validation of the tracer. Therefore, the received signal is predicted on the basis of equal-dimensions marble wedges separated by a distance increment of 0.25 m. LOS and reflected rays and their normalized sum are identified in Fig. 6(a) . A further addition of single-diffracted rays associated with side surfaces A and B yields the CTF of Fig. 6(b) , while the relative amplitude of the received signal varies within 20 dB with large-scale fading trend that follows CTF of Fig. 6 (a) and a small-scale fading that repeats every 57.2 MHz. It was found from the simulations that increasing the number of wedges does not cause a noticeable change in the fading rate. This is due to the small differential path lengths of 1 st -order diffracted rays. Therefore, a minimum number of wedges can be considered in order to enhance the computational efficiency without compromising the accuracy. Similarly, adding 2 nd -order diffractions to CTF of Fig. 6(b) leads to a selective frequency that occurs every 20 MHz as shown in Fig. 6(c) .
The high fading rate stems from the inequality of the path lengths of the doubly-diffracted rays. Therefore, to keep the algorithm complexity tractable at ranges beyond 10 m, a limited number of wedges should be considered. Moreover, Fig. 6(d) shows the results of 1 st -order diffracted rays from the ceiling (C) after their subjection to specular reflection mechnism from the ground. The fading occurs at a rate of about 31 MHz. Finally, the result shown in Fig. 6(e) included the effect of free-space LOS, reflected and up to the 2 ndorder diffracted rays associated with the diverse surrounding surfaces.
B. EXPERIMENTAL VALIDATION OF THE SIMULATED CTF
The randomness of underground mines results in a quite complicated propagation mechanism that renders the interpretation of the results rather complicated in the absence of the tracer that was presented in the previous sections of this paper [6] .
Therefore, the tracer considers a group of wedges defined by random heights (h) and angles (β) with normal distributions between [−0.55 m, +0.55 m] with respect to their mean and within [1 • -160 • ], respectively. Following Fig. 7 , the random heights of the wedges cause an additional imbalance in the path lengths leading to higher variations in the differential phases among the propagated rays leading to significant 116524 VOLUME 7, 2019 fluctuation around a mean value. The effects of 1 st -order diffractions on the received signal are shown in Fig. 7(a) . The consideration of all contributions including 2 nd -order diffractions results in the predicted CTF of Fig. 7(b) . The number of wedges increase has a marginal impact and does not yield a noticeable change in the fading rate. Therefore, the number of wedges used in the calculations should comply with the available computational resources.
Figs. 7(a) and 7(b) demonstrate a good agreement between main features of calculated measured CTFs in terms of fading periodicity, scale and amplitude variation (within 35 dB). Numerous simulated sharp peaks, which are randomly distributed across the band of interest, were caused by severe variation in the dimensions of wedges as the incidence and diffraction angles approach of either ISB or RSB zones (c.f. Fig. 4) . Furthermore, abrupt changes in the angles of the wedges can change the signal level by about 30 dB, as previously demonstrated in Fig. 4(b) . Therefore, the presence of such wedges strengthens the multipath and causes the signal to fluctuates significantly around its mean value as the observation point moves in the gallery. This explains previously observed ''location-specific'' nature of propagation measurements in underground mine environments, which gives rise to the lognormal shadowing fading as reported in many studies [5] , [6] , [29] . However, in the absence of those extreme-sized wedge angles, the channel tends to behave as a Ricean channel.
VI. TEMPORAL ANALYSIS AND EXPERIMENTAL VALIDATION
After the validation of the model in Frequency Domain (FD), further analysis was carried out in Time Domain (TD) to predict the dispersive characteristics of the channel and in order to validate the tracer. Indeed, the identification of each contributor in the measured Power Delay Profile (PDP) will be feasible with the use of the presented deterministic tool. The PDP is expressed as [21] :
where ''n'' is the number of multipath rays at a time ''t'', α i , τ i and θ i are the magnitude, delay and phase i th multipath ray and δ(·) denotes the Dirac delta function.
A. SINGLE DIFFRACTION FROM HOMOGENOUS SURFACES
The analysis was simplified by isolating the contribution of each enclosing surface of an ideal homogenous channel. Subsequently, the effect of wedges on the PDPs was analyzed. Taking into account the polarization of the incident field, VOLUME 7, 2019 PDPs were computed for the 1 st -order diffractions from the homogenous surfaces of side A and ceiling. Fig. 8(a) shows three PDPs that were computed as a function of equal wedge angles of 1 • , 90 • and 140 • .
The first ray was the result of the shortest path associated with the central wedge that followed by gradual smearing rays. Each pair of rays reached R X at the same delay bin as a result of equal path lengths associated with the symmetrical locations of the wedges with respect to T X and R X . However, these pairs of rays were not necessarily equal in magnitudes because of different angles of incidence. The strength and variation of the PDP depend strongly on angles of the wedges, their locations and associated ISB/RSB angular positions. Fig.8(b) shows the simulated magnitude of diffraction as a function of the wedge position throughout side-A with respect to T X . The soft (E ⊥ ) diffraction from an almost knife edge (1 • ) was found to be important regardless of its position. The lower diffraction level in the vicinity of either R X or T X was due to the directional patterns of the antennas. On the other hand, the hard (E ) diffraction from the ceiling is found to be insignificant except for the peaks associated with ISB and RSB angular positions of the wedge. The results computed for (β = 90 • ) confirmed the marginal impact of diffraction when angles of wedges are within (40 • -120 • ) regardless of the polarization of the incident field. In contrast, for the case (β = 140 • ), the amplitude of the diffracted field was found to be considerably strong, especially when the wedge position reached either 4 m or 6 m that was associated with ISB and RSB angular regions of the wedge, respectively. 
B. TIME-DISPERSIVE VALIDATION OF THE TRACER
The channel's predicted and measured PDPs were computed by applying the Inverse Discrete Fourier Transform (IDFT) to CTFs of Fig. 7(b) and Fig. 7(c) , respectively: Fig. 9 shows the experimental PDP that shows two multipath clusters identified within a delay interval of (33ns-53ns) and the noise power level around −70 dB. The first perceptible ray was recorded at about −26 dB with an excess delay of 33.3 ns as a result of LOS free-space propagation. Further analysis has been performed with the aid of the tracer, in order to identify other multipath rays.
Normalized PDPs were zoomed out within (30ns-55ns) in Fig. 10 in order to capture their minute features. It can be observed that the experimental PDP is in good agreement with simulations in terms of multipath gain and delay.
The difference can be attributed to the hardware noise. In practice, the time resolution of the receiver might not be sufficient to resolve all multipath, i.e., there is still a high probability that more than one ray falls into a given resolvable delay bin and add up there. On the other hand, IDFT presents limitations due to the rounding to the nearest integer.
Having gone through the analysis that was outlined in the previous sections, it is feasible to offer a detailed description of the multipath propagation mechanisms and measurements for P2 to P8 peaks shown in Fig. 10 (a): P 2 : A specular reflection from the ground that was detected at about 34 ns and dominates the exponentially decreasing multipath cluster (Cluster-1). P 3 : Was detected at 36.3 ns with a power magnitude of −18.7 dB. Analysis has shown that Cluster-1 is formed by a combination of two coinciding clusters resulted from 1 st -order diffracted rays associated with side-A and side-B of the gallery. Cluster-1 that ends up at about 42 ns is interfered by a specularly reflected ray from the ceiling (P 4 ). P 5 : Its delay was 43 ns with −26 dB peak that dominated cluster-2, which was the result of 1 st -order diffractions from the ceiling of the mine. The non-monotonic decaying behavior of Cluster-2 is due to the interference of 2 nd -order diffracted rays (including P 6 ) from side-A to side-B and vice versa.
Finally, P 7 and P 8 were detected at 51.36ns and 55.7ns, respectively, and their main physical propagation was the interaction between the ceiling and the ground as demonstrated earlier.
VII. DISCUSSION AND CONCLUSION
This work presents an RT simulator to predict characteristics of mm-wave propagation in underground mine tunnels. Unlike indoor environments, specular reflections from surrounding rough surfaces of randomly-structured tunnels impact the propagation significantly. Consequently, the diffraction phenomenon was evident since the rough surfaces appear as groups of diffracting wedges to the propagating signal at short wavelengths. Therefore, each surface of the gallery was modeled as a group of wedges having random dimensions (heights, angles) being transversely oriented throughout the gallery.
In the presented model, Remley's UTD expression was found to be the right option for achieving relevant results as it accounted for the dielectric constant of diffracting edges and provided good approximation when the receiver was in the deep shadow region. Furthermore, the tracer has revealed the ''location-specific'' nature of collected data for underground mines which were reported in the previous literature. In fact, the domination of wedges with angles in the vicinities of 1 • and 140 • intensified the multipath and caused the signal to fluctuate significantly around LOS component from one location to another throughout the gallery. This gave rise to the lognormal shadowing fading phenomenon. In contrast, the absence of those wedges weakened the multipath and gave rise to a LOS Ricean channel.
